We analyzed restriction-fragment-length polymorphisms among chloroplast, nuclear ribosomal RNA, and alcohol dehydrogenase (ADH) sequences in a group of 25 wild and 54 cultivated accessions of pearl millet {Pennisetum glaucum [L] R. Br.). We observed no polymorphism for chloroplast DNA sequences representing approximately 50% of the total chloroplast genome. Nuclear rRNA genes exhibited polymorphisms, the majority of which mapped to the nontranscribed spacer region. Most of the rRNA gene variants were observed among wild pearl millet accessions; the cultivars appeared to be highly uniform. Adh 1 sequences exhibited substantial sequence diversity, and we observed no marked differences in diversity between wild and cultivated pearl millet types. The highly outcrossing nature of pearl millet, the parallel geographic distribution of Adh1 variants, and the widespread occurrence of the most frequent Adh 1 and rDNA variants in wild and cultivated pearl millet genotypes preclude the identification of the precise pattern of domestication. This study, however, points to the need for more empirical studies to determine the level of genetic diversity associated with various molecular markers; it also indicates the need for additional germ plasm explorations, particularly in the eastern Sahel.
Traditionally, genetic resources of crop plants have been characterized using a combination of morphological and agronomic traits, such as growth habit, earliness, and disease and pest resistance. Although this type of information is of direct value to users of germ plasm, its phenotypic nature may prevent the precise determination of the genotype of each accession and the genetic relationships among accessions. Biochemical or molecular markers, such as isozymes, seed proteins, and restriction-fragment-length polymorphisms (RFLPs), reflect the genotype much more closely and therefore may provide a different image of genetic diversity than that derived from morphological markers. In crop plants, biochemical or molecular markers have been used to provide additional evidence on the process of domestication, principally to determine the center of domestication, the effect of domestication on genetic diversity, and potential gene flow between wild and cultivated types.
The domestication of pearl millet, Pennisetum glaucum (L.) R. Br., 8 also called P. americanum, 6 has been the focus of several investigations. Pearl millet originated in Africa. 7 The presumed wild progenitor (P. glaucum subsp. monodii') is found only in a long belt in the Sahel from Senegal to Sudan as well as in the central highlands of the Sahara. The cultivated types (P. glaucum subsp. glaucum) display the highest level of morphological variability in the Sahel region. 6 The limited archaeological record in Africa includes finds in Ghana and Mauritania (1,250 to 1,000 B.C.)- 1727 Recently, isozyme analyses of wild and cultivated pearl millet genotypes from western Africa revealed two essential aspects of the organization of genetic diversity of this species in the western part of its distribution. 24 - 33 First, three groups of genotypes can be identified: wild types, early cultivars, and late cultivars. Second, there is an east-west cline in enzymatic differentiation among wild and cultivated pearl millet genotypes. On the basis of these data, we suggest that pearl millet resulted from multiple domestications along the Sahelian distribution belt of the wild progenitor.
Our objectives were to (1) determine which type of DNA sequence-cpDNA, a nuclear repeated sequence (rDNA), or a nuclear single-copy sequence (Adhl~)-would be most informative about the distribution of genetic diversity in a plant species (pearl millet), (2) reexamine the pattern of domestication of pearl millet in light of the DNA polymorphism data, and (3) characterize the fate of genetic diversity during the process of domestication.
Materials and Methods

Plant Materials
We assembled pearl millet accessions that were as representative as possible of the geographic distribution of both wild and cultivated forms ( Table 1 ). The sample consisted of 25 wild accessions and 54 cultivated accessions.
DNA Extraction
DNA was extracted from single greenhouse-grown plants using the procedure of Saghai-Maroof et al., 28 with two modifications. In the initial extraction buffer, 1% hexadecyltrimethylammonium bromide (CTAB) was replaced with 1% sodium dodecyl sulfate (SDS). Preliminary trials had shown that the substitution of SDS for CTAB in the extraction buffer improves the consistency and yield of DNA extraction across genotypes. In addition, the pH of the extraction buffer was raised from 8.0 to 9.5 to minimize the action of nucleases. DNA Digestion, Electrophoresis, and Southern Transfer DNA was digested with restriction enzymes according to the recommendations of the manufacturer (Bethesda Research Laboratory, Gaithersburg, Maryland). The restriction fragments were then separated by electrophoresis on 0.8% agarose gels and transferred to Zetabind membranes (AMF-CUNO, Meriden, Connecticut) using Southern 29 transfer according to the protocol of the manufacturer.
Large-Scale Plasmid Preparation, Nick Translation, and Hybridization
Three types of cloned DNA sequences were used as probes in this study. cpDNA sequences contained in plasmids pMCSp5, pMCPl, pMCS4, and pMCSl were isolated from pearl millet by Thomas et al. 31 (M. T. Clegg, unpublished observations). The insert of pMCSp5 consists of a 15-kb Sph I fragment of the large single-copy region that contains the genes for the large subunit of ribulose-l,5-biphosphate carboxylase and the /? and t subunits of ATPase. pMCPl contains an 18-kb Pst I fragment of the large single-copy region adjacent to the previous sequence. The sequence contained in pMCS4 is a 12.5-kb 5a/1 fragment that includes the junction between the inverted repeat and the large single-copy regions. The insert of pMCSl is a 21-kb Sal 1 fragment that includes the entire small single-copy region and its junction with the inverted repeat. Together, these four sequences make up 65 kb, or approximately 50% of the pearl millet chloroplast genome. In addition, one of the sequences, pMCS4, represents the junction between the inverted repeat and the large singlecopy region. This junction was shown to be highly variable in other plants, such as Clarkia. 30 The nuclear-encoded genes for rRNA (rDNA) of soybean were isolated in the laboratory of Dr. J. L. Key, University of Georgia, and are contained in two plasmids, pKDRl and pKDR2. pKDRl contains an insert of 3.8 kb that includes the 3' of the 18S gene, the transcribed spacer, and the 5' end of the 26S gene. pKDR2 contains an insert of 4.0 kb that includes the 3' end of the 26S gene, the nontranscribed spacer, and the 5' end of the 18S gene.
The third type of sequence was a cDNA clone of 1.5 kb of the Fallele of Adhl contained in pZML793, provided by Dr. W. J. Peacock, Division of Plant Industry, CSI-RO. Plasmid DNA was prepared according to the SDS lysis method followed by a cesium chloride gradient purification. 16 The chloroplast and ribosomal DNA sequences were labeled by means of nick translation with 35 S to a specific activity of 2 to 5 x 10 7 cpm/^g; the Adhl sequence was labeled with 32 P to a specific activity of 1 to 5 x 10 8 cpm/Mg-Hybridizations were performed according to the Zetabind manufacturer at 42°C in the presence of 50% formamide. The final wash was made at high stringency in 0.1 x SSC, 0.1% SDS at 60 c C. This high stringency ensured that the Adhl clone (pZML793) hybridized strongly only to homologous Adhl sequences.
Cloning of the rDNA Nontranscribed Spacer
Because we did not expect the pearl millet nontranscribed spacer region to have a high level of sequence homology with that of the soybean probe, an Eco Rl fragment of 2.8 kb was cloned that spanned most of the nontranscribed spacer regions and the 3' part of the (conserved) 26S gene from pearl millet, according to Bugg 3 and our information (see the Results section and Figure 2 ). DNA of 'Tift 23DB' that was extracted according to the method described above was digested with Eco Rl and cloned into lambda gtlO according to the recom-binations of the supplier (Vector Cloning Systems, San Diego, California). A recombinant lambda gtlO strain was recovered that contained the 2.8-kb Eco RI fragment; we then subcloned this fragment into pUC 19 to yield recombinant plasmid pDB 1.
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Results
Chloroplast DNA Variability
Clegg et al. 5 observed no cpDNA polymorphism among a group of 12 pearl millet cultivars. However, their sample size was relatively small, and in addition, the monomorphism among cultivars could have been due to a reduction of genetic variability upon domestication, as has been observed for other crops. 621 We therefore investigated cpDNA variability further, using the four cpDNA clones described in the Materials and Methods section, in a sample of 28 additional genotypes, including 15 cultivars and 13 wild lines covering most of the geographic distribution of wild pearl millet. Total plant DNA was digested with 10 hexanucleotide-recognizing restriction enzymes: Bam HI, BelII, Bgll, Eco RI, Eco RII, Eco RV, Hind III, Kpn I, Pst I, and Xba I. Within the resolution limit of Southern hybridizations, no RFLPs were observed, consistent with the earlier work of Clegg et al.
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Variability among Nuclear rRNA Genes Genomic DNA was first digested with five enzymes (Bam HI, Eco RI, Eco RV, Kpn I, and Xba I) and then probed with cloned soybean rDNA sequences contained in plasmids pKDRl and pKDR2. Several rDNA repeat variants were observed in this sample ( Figure 1) . In addition to a fragment of about 9.0 kb representing the full-sized rDNA repeat, 3 genomic DNA digested with Bam HI revealed several fragments that varied in size between 3.9 and 5.1 kb. A restriction map inferred from double digestions of genomic DNA revealed two causes of polymorphism ( Figure 2 ). First, a fraction of the rDNA repeats contained two Bam HI sites instead of one, leading to the appearance of two fragments. One Bam HI fragment (3.9 kb) appeared to be invariant, whereas the Bam HI fragment spanning the nontranscribed spacer region was variable in size (4.6 to 5.1 kb) even within individual plant genomes. All accessions except PS66 exhibited two length variants of this fragment, 4.6 kb (small) and 5.1 kb (large) in size ( Figure  2, a and b) . Also, the proportion of these two variants within an individual depended on the accession. P. 5695 (Figure 1 4) showed a marked predominance of the small variant. In PS118 (Figure 1, lane 8) , the predominant variant was still the smaller variant, but it was also possible to resolve the larger variant. In most of the accessions, including 'Tift 23DB' ( Figure  1, lane 9) , the predominant variant was the larger variant. In PS66 (Figure 1, lane 7) , the shorter variant had a size of approximately 4.9 kb (Figure 2c ) and was present in about equal proportion with the larger variant.
Southern blots were prepared of genomic DNA digested with Bam HI, Eco RI, Eco RV, Kpn I, and Xba I. Hybridization of these blots with pDBl, which contained a 2.8-kb fragment spanning the nontranscribed spacer of pearl millet, revealed no new fragments except the Kpn I digest. The latter digest showed one or two additional fragments of approximately 0.7 and 0.9 kb (not shown) that map in the nontranscribed spacer region (Figure 2 four different rDNA hybridization patterns. In contrast to their wild relatives, all cultivars, with the exception of 554-00-3 (Cameroon), showed the Tift 23DB' pattern. Cultivar 554-00-3 from Cameroon exhibited a Bam HI pattern similar to that shown by PS118, a wild accession from the same country. Compared with their wild relatives, the cultivars are therefore characterized by a reduction in genetic diversity associated with the rRNA genes. The most common rDNA pattern among wild forms is also the predominant pattern among cultivars.
Variability among Adhl Sequences
We established a restriction map using double digestions involving four restriction enzymes-Bgl II, Eco RI, Eco RV, and Kpn I-for the genotypes 'Tift 23DB' (USA), 2091-2 (India), and 'Tiotande' (Senegal). Three haplotypes were identified: haplotype 1 in 'Tift 23DB,' haplotypes 1 and 2 in 2091-2, and haplotype 3 in 'Tiotande' (Figure 3 ). Haplotype 2 can be distinguished from haplotypes 1 and 3 by a larger Eco RI fragment. Haplotype 3 can be distinguished from haplotypes 1 and 2 by a larger BglU fragment. Variability at the Adhl locus was determined using the Eco RV digestion pattern (Table 1) . We chose the restriction enzyme Eco RV because of the simplicity of its digestion pattern (a single band in homozygous genotypes) and clear size differences between genotypes when hybridized to an Adhl probe (pZML793). Five different Eco RV fragments, numbered 1 to 5 in order of increasing size, were observed ranging from approximately 7,600 bp to over 12,000 bp (Figure 4) . The fainter bands in the figure are presumably due to nonspecific hybridizations to Adh2. Fragment 1 was the most frequently observed (62%), followed by fragment 5 (14%), fragment 2 (12%), fragment 4 (7%), and fragment 3 (5%). In comparison with the cultivars, the wild forms were more often heterozygous (70% compared with 32% of the cultivars). The frequency and distribution of the various homozygous and heterozygous genotypes between wild and cultivated forms were similar within the resolution limits afforded by our sample size. However, several genotypes were observed only among cultivars. The various Eco RV variants of Adhl also may show a differential geographic distribution. Fragment 1, which is the most common and widely distributed fragment, and fragments 4 and 5 were found predominantly in the western Sahel, while fragment 3 was most frequent in the central and eastern Sahel and in northern Africa, and fragment 2 was most frequent in the central and eastern Sahel, northern and eastern Africa, and Asia (Table 1) .
Finally, it should be pointed out that the Eco RV characterization of variability associated with the Adhl region does not reveal all RFLPs. As shown in Figure 3 , the three haplotypes all had an Eco RV fragment of a similar length, but they exhibited sequence variability with respect to other restriction enzymes. Three genotypes included by Tostain and Riandey 32 in their study of Adh isoenzyme variation-'Tift 23DB,' 'Ligui,' and 'Massue'-carried different electromorphs, whereas in our study they showed the same Eco RV variant. Similar Eco RV variants may therefore include different Adhl alleles.
Discussion
Monomorphism of Pearl Millet cpDNA
It is well established that intraspecific levels of cpDNA variability are generally low, 19 although several studies have detected modest levels of cpDNA variability within certain species. For example, intraspecific cpDNA variability was reported in Zea maysh., 9 Lycopersicon peruvianum L., Pisum satiuum L., 21 and Hordeum vulgare L. 612 Our data, together with those of Clegg et al., 6 resulted from a thorough sampling of the pearl millet chloroplast genome across a set of wild and cultivated genotypes of various geographic origins; they indicate the absence of any sequence diversity within the resolution limits of Southern hybridization. This lack of diversity might have resulted from a bottleneck induced at some stage of the evolutionary history of pearl millet, perhaps owing to climatic fluctuations. Habitat displacement caused by the alternating dry and moist periods that have characterized northern Africa 4 might ultimately have led to the apparent monomorphism in cpDNA observed among our sample of contemporary pearl millet genotypes. It will be interesting to examine whether other species, such as cowpea (Vigna unguiculata [L] Walp.) and sorghum {Sorghum bico/orL.), which have potentially been subjected to the same climatic regime in this region, display a similar depletion of cpDNA genetic variability.
Patterns of Nuclear DNA Polymorphism in Pearl Millet
The genes encoding the cytoplasmic ribosomal RNAs (rRNAs) are typically arranged in tandem repeats. Each repeat consists of the sequences for the 18S, 5.8S, and 26S rRNA (forming a single transcription unit that also includes an external and an internal transcribed spacer) and a nontranscribed spacer (NTS). 15 Within the repeat unit, the rRNA genes are highly con-served in contrast to the nontranscribed spacer. Polymorphisms in the latter region often are due to variable numbers of subrepeat sequences whose sizes range between approximately 100 and 400 bp. In plants, the degree of length polymorphism depends on the species.
-
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- 28 In Pennisetum sp. and Cenchrus setigerus, a related species, variability among rRNA repeat units has been shown largely to be due to length heterogeneity of the NTS region. In addition, the cultivar Tift 23DB' of pearl millet exhibited two rDNA variants of the same length that differed by the presence or absence of a Bam HI site in the 18S rRNA gene. 3 Most of the rDNA variability we detected in this more extensive survey of pearl millet mapped to the nontranscribed spacer and involved variation in the length of the rDNA repeat. Whether this length variation involves an increase or decrease in the number of subrepeats in the nontranscribed spacer cannot be ascertained from our data. Our data do show that single plant genomes harbor up to three or four rDNA repeat variants. The genomic distribution of these variants is not known. Cytological evidence on the number of nucleolus organizer regions (NORs) in pearl millet is inconclusive. Several studies indicated the existence of a single NOR, although other reports claimed the existence of additional NORs. 13 Alcohol dehydrogenase in pearl millet is coded by two loci {Adhl or AdhA and Adh2 or AdhB) that are closely linked. 1 Among cultivars of western Africa, Tostain and Riandey 32 identified eight Adhl alleles and three Adh2alleles. The survey of RFLPs associated with Adhl also suggests high levels of variation for this gene and its associated flanking sequences. The preliminary restriction map we present for the Adhl region does not resolve in most cases whether the sequence variability can be attributed to nucleotide substitutions or deletion/insertion events, nor is it possible at this stage to locate the Adh coding sequence precisely.
Genetic Evidence on the Process of Pearl Millet Domestication
The rDNA and Adh sequences exhibit a different distribution of genetic variability between wild and cultivated types. The cultivars (with one exception) show only a single rDNA pattern; this pattern was also the most common pattern among wild accessions. The wild accessions, which were sampled in the Sahel region of Africa, exhibit several additional restriction fragment patterns for the rDNA. In contrast, the Adhl gene shows comparable levels of variability between wild and cultivated types. The Eco RV survey of Adhl revealed that the most frequent Eco RV variant among cultivars is also the most frequent variant among wild forms. This variant is also geographically widespread among both wild and cultivated types. The near monomorphism of rDNA among cultivars argues for a single domestication event for pearl millet. However, it is not possible to pinpoint the geographic site of domestication, because the rDNA pattern characteristic of cultivars is also geographically widespread among wild forms. The Adhl data do not provide additional information on the area of domestication, because the most frequent Adhl pattern among cultivars is also the most frequent and geographically widespread pattern among wild types.
Our data therefore do not allow us to distinguish between the multiple-domestication hypothesis of Harlan, 11 Pernes, 22 Pilate-Andre et al., 24 and Tostain et al. 33 and the single-domestication hypothesis of Brunken et al. 2 It is possible that the highly outcrossing nature of pearl millet has obscured the original patterns of genetic diversity through a substantial amount of gene flow between wild and cultivated forms. This gene flow would also account for the parallel geographic distribution of Adhl and isozyme variants between wild and cultivated forms seen in our results, and the work of Pilate-Andre et al. 24 and Tostain et al. 33 Additional evidence on the origin of pearl millet and the influence of domestication on its genetic diversity must come from a more systematic analysis of wild and cultivated genotypes for both morphoagronomic and molecular traits.
Consequences for Genetic Conservation of Pearl Millet Germ Plasm
The contrasting levels of diversity among the three types of DNA sequences indicate the need for more empirical studies on the levels of diversity revealed by various probes. A specific probe then could be chosen with a level of diversity that would be most appropriate to achieve a particular objective, such as identification of different species, different gene pools or races within species, or even individual accessions. For example, in our case, chloroplast probes that are invariant within pearl millet could be used in conjunction with morphological data to identify various Pennisetum species and estimate the genetic distance between these species. This in turn would help orient an interspecific hybridization program for breeding purposes. On the other hand, sequences that are much more variable would help define intraspecific patterns of variation. Ultimately, it would be desirable to identify hypervariable DNA sequences that are characteristic of individual accessions. This type has been identified in humans 14 and would benefit germ plasm conservation substantially by allowing the elimination of duplicates.
A second type of information gained from our study is the geographic distribution of the variants identified for rDNA and Adhl, especially those that occur at a low frequency. Among the rDNA variants, the variant found in PS66 from the Sudan appears to be different from all other variants. Its low frequency and its distinctness seem to warrant additional exploration for wild pearl millet germ plasm in the eastern Sahel, particularly in the Sudan. With regard to the Adhl variants, our results indicate the existence of two regions to be sampled: the western Sahel (variants 4 and 5) and the eastern Sahel (variants 2 and 3). Of course, this preliminary pattern will have to be confirmed through additional analyses of the variation in the Adhl region.
